Taking into account the heat resistance losses between the heat reservoirs and the working fluid, irreversible compression and expansion losses in the compressors and the turbine, pressure drop losses in the piping and finite thermal capacity rate properties of the heat reservoirs, a real, intercooled, regenerated gas-turbine cogeneration plant model is established using finite-time thermodynamics. The finite-time exergoeconomic performance of the plant is studied by taking the dimensionless profit rate as the optimization objective. Analytical formulae about the dimensionless profit rate and exergy efficiency are derived. By numerical examples, the two cases with fixed and variable total pressure ratios are discussed, and meanwhile the effects of the cycle parameters on the performance of the plant are analyzed. The relationship of the dimensionless profit rate versus exergy efficiency is investigated, and the characteristic curve is found to be loop shaped. Finally, it is found that there exists an optimal consumer temperature that leads to a double-maximum dimensionless profit rate.
INTRODUCTION
Resolving the energy crisis and meeting the growing energy requirement is a hot research issue for cogeneration plants in recent years [1] [2] [3] [4] . Cogeneration is a simultaneous production of both thermal energy and power from the same plant, which provides a substantially higher energy and exergy efficiencies than plants that produce heat and power separately [5] . By using classical thermodynamics, Korakianitis et al. [6] studied the parametric performance of combined cogeneration power plants with various power and efficiency enhancements. Ferdelji et al. [7] pointed out the limitations of traditional first-law analysis used for evaluating thermal systems, and performed an exergy analysis of a cogeneration plant. Khaliq [8] carried out the exergy analysis of a gas-turbine trigeneration system for a combined production of power, heat and refrigeration. Sanaye et al. [9] researched the design of a gas-turbine combined heat and power plant with a preheater and a heat recovery steam generator.
Finite-time thermodynamics (FTT) [10 -19] is a powerful tool for performance analysis and optimization of practical thermodynamic processes and devices. In recent years, some authors have carried out a performance analysis and optimization for various cogeneration plants using FTT. Sahin et al. [20] performed exergy output rate optimization for an endoreversible Carnot cycle cogeneration plant. Kaushik et al. [21] investigated the effects of external and internal irreversibilities on the maximum exergy output rate and corresponding exergy efficiency of an irreversible Carnot cycle cogeneration plant. Atmaca et al. [22] performed the exergetic output rate, energy utilization factor, artificial thermal efficiency and exergetic efficiency optimization of an irreversible Carnot cycle cogeneration plant. In industries, Brayton cycle is widely used and some authors are interested in cogeneration plants composed of Brayton cycles. Yilmaz [23] optimized the exergy output rate and exergetic efficiency of an endoreversible simple gas-turbine closed-cycle cogeneration plant. Hao and Zhang [24, 25] International Journal of Low-Carbon Technologies 2014, 9, 29-37 # The Author 2012. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com doi:10.1093/ijlct/cts031 Advance Access Publication 5 May 2012 29 optimized the total useful-energy rate (including power output and useful heat rate output) and the exergetic output rate of an endoreversible Joule-Brayton cogeneration cycle by optimizing the pressure ratio. Ust et al. [26, 27] proposed a new objective function called the exergetic performance coefficient, optimized an irreversible regenerative gas-turbine closed-cycle cogeneration plant with heat resistance and internal irreversibility [26] and an irreversible dual cycle cogeneration plant with heat resistance, heat leakage and internal irreversibility [27] . Exergoeconomic (or thermoeconomic) analysis and optimization [28 -31] is a relatively new method that combines exergy with conventional concepts from long-run engineering economic optimization to evaluate and optimize the design and performance of energy systems. It was termed as finitetime exergoeconomic analysis [32 -38] to distinguish it from the endoreversible analysis with pure thermodynamic objectives and from the exergoeconomic analysis with long-run economic optimization. Furthermore, such a method has been extended to universal endoreversible heat engines [39] , generalized irreversible Carnot heat engine [40] , universal irreversible heat engines [41] , universal endoreversible refrigerators [42] , generalized irreversible combined Carnot refrigerator [43] , endoreversible Carnot heat pump with complex heat transfer law [44] , universal endoreversible heat pumps [45] , generalized irreversible Carnot heat pump [46] and universal irreversible heat pumps [47] cycles. Tao et al. [48, 49] and Chen et al. [50] performed the finite-time exergoeconomic performance analyses and optimization for endoreversible simple [48] and regenerative [49] and irreversible simple [50] gas-turbine closed-cycle cogeneration plant coupled to constanttemperature heat reservoirs. Further, Chen et al. [51, 52] and Yang et al. [53 -56] analyzed and optimized the exergy performance [51, 53] and finite-time exergoeconomic performances [52, 53 -56] of endoreversible [51 -55] and irreversible [56] closed intercooled regenerative Brayton cogeneration plant models coupled to constant-temperature [51] [52] [53] [54] 56] and variable-temperature [55] heat reservoirs, respectively.
In the present work, a complete, real, intercooled, regenerative gas-turbine cogeneration plant model is established based on ref. [56] . The pressure drop losses in the high-and low-pressure piping, the irreversible compression and expansion losses in the low-and high-pressure compressors and the turbine and the finite thermal capacity rate properties of the heat reservoirs are considered compared with the previous model [56] . The finitetime exergoeconomic performance of the plant is analyzed and optimized by searching for the optimal pressure ratios, and the effects of the various losses on the dimensionless profit rate and corresponding exergy efficiency are discussed. Figure 1 shows the T-s diagram of a cogeneration plant model. Processes 1-2 and 3-4 are non-isentropic adiabatic compression in the low-and high-pressure compressors, while the process 5-6 is non-isentropic adiabatic expansion in the turbine. Process 2-3 is an isobaric intercooling process in the intercooler. Processes 4 -7 and 6-8 are, respectively, absorbed and evolved heat processes in the regenerator. Process 7-5 is an absorbed heat process in the hot-side heat exchanger. Processes 8-9 and 9 -1 are evolved heat processes in the consumer-side and cold-side heat exchangers, respectively. Processes 1-2s, 3-4s and 5 -6s are isentropic adiabatic processes corresponding to the non-isentropic adiabatic processes 1-2, 3-4 and 5-6, respectively.
DESCRIPTION OF A COGENERATION MODEL
Assuming that the low-and high-pressure compressors have the same efficiency (h c ) and the turbine efficiency is h t , which reflect the irreversibilities in the non-isentropic adiabatic compression and expansion processes. h c and h t , respectively, are defined as:
where T is the temperature. There exist pressure drop losses in the high-and low-pressure piping when the working fluid is flowing. They are reflected by using pressure recovery coefficients D 1 and D 2 , respectively:
where p is the pressure. Assume that the working fluid used in the cycle is an ideal gas with the thermal capacity rate (mass flow rate and the specific heat product) C wf . The hot-side heat reservoir is considered to have a thermal capacity rate C H and the inlet and the outlet temperatures of the heating fluid are T Hin and T Hout , respectively. The cold-side heat reservoir is considered to have a thermal capacity rate C L , and the inlet and the outlet temperatures of the cooling fluid are T Lin and T Lout , respectively. The cooling fluid in the intercooler is considered to have a thermal capacity rate C I , and the inlet and the outlet temperatures of the cooling fluid are TIin and T Iout , respectively. The temperature of the consumer-side is T K . The heat exchangers between the working fluid and the heat reservoirs, as well as in the regenerator and the intercooler are counter-flow ones, and the heat conductances (heat transfer surface area and heat transfer coefficient product) of the hot-, cold-and consumerside heat exchangers, the intercooler and the regenerator are U H ; U L ; U K ; U I ; U R , respectively. According to the properties of the heat reservoirs and working fluid, and the theory of heat exchangers, the rate of heat transferred from heat source to working fluid (Q H ), the rate of heat transferred from working fluid to heat sink (Q L ), the rate of heat exchanged in the intercooler (Q I ), the rate of heat transferred from working fluid to the heat consuming device (Q K ) and the rate of heat regenerated in the regenerator (Q R ) are, respectively, given by
where E i1 ði ¼ H; L; IÞ, E K and E R are the effectivenesses of the hot-and cold-side heat exchangers, the intercooler, the consumer-side heat exchanger and the regenerator, respectively, which are defined as:
where C i min and C i max are the smaller and the larger of the two thermal capacity rates (C i and C wf ). N i1 ði ¼ H; L; IÞ, N K and N R are the numbers of heat transfer units of the hot-and coldside heat exchangers, the intercooler, the consumer-side heat exchanger and the regenerator, respectively, which are based on the smallest thermal capacity rate, and are defined as:
Defining isentropic temperature ratios x and y of the working fluid for the low-pressure compressor and the total compression process, i.e. T 2s ¼ xT 1 . According to the knowledge of classical thermodynamics, by combining Equation (3), one can obtain
where p 1 is the intercooling pressure ratio that satisfies p 1 ! 1, p is the total pressure ratio that satisfies p ! p 1 ,
, and k is the specific heat ratio of the working fluid.
THE DIMENSIONLESS PROFIT RATE AND EXERGY EFFICIENCY ANALYTICAL FORMULAE
Combining Equations (1) - (8), (14) and (15) yields the inlet temperature (T 1 ) of the low-pressure compressor:
where
Combining Equations (1) - (8) and (14 -16) yields the power output (the exergy output rate of power):
where P is the power output of the cycle (kW). Assuming that the environment temperature is T 0 , the total exergy input rate of the cogeneration plant is
where e H is the exergy flow rate (kW). The entropy generation rate (s) of the cogeneration plant is
From the exergy conservation principle for the cogeneration plant, one has
where e K is the thermal exergy output rate (i.e. the exergy output rate of process heat) and T 0 s is the exergy loss rate. Combining Equations (5), (7) and (16) - (20) yields the thermal exergy output rate:
Assuming that the prices of exergy input rate, power output and thermal exergy output rate are w H , w P and w K , respectively, and the profit rate (P) of the cogeneration plant is defined as
From Equation (22), one can see that when w P ¼ w K ¼ w H , Equation (22) becomes
The maximum profit rate objective is equivalent to a minimum entropy generation rate objective in this case and one has P 0. When w P ¼ w K and w H =w P ! 0, Equation (22) becomes
The maximum profit rate objective is equivalent to a maximum total exergy output rate objective in this case. Defining price ratios a ¼ w P =w H ; b ¼ w K =w H and combining Equation (20) P can be non-dimensionalized by using w H C wf T 0 :
The exergy efficiency h ex is defined as the ratio of total exergy output rate to the total exergy input rate:
Equations (25) and (26) include some recent results of various Brayton cogeneration cycles. When
one can obtain the results of an endoreversible simple Brayton cogeneration cycle coupled to constant-temperature heat reservoirs [48] . When
one can obtain the results of an endoreversible regenerative Brayton cogeneration cycle coupled to constant-temperature heat reservoirs [49] .
one can obtain the results of an endoreversible intercooled regenerative Brayton cogeneration cycle coupled to constant-temperature heat reservoirs [53, 54] 
can obtain the results of an endoreversible intercooled regenerative Brayton cogeneration cycle coupled to variabletemperature heat reservoirs [55] . When
one can obtain the results of an irreversible intercooled regenerative Brayton cogeneration cycle coupled to constant-temperature heat reservoirs [56] .
NUMERICAL EXAMPLES
To see how the design parameters affect the dimensionless profit rate, detailed numerical examples are provided. Four temperature ratios are defined:
which are the ratios of inlet temperatures of the hot-, cold-side heat reservoirs and intercooling fluid, and the consumer-side temperature to environment temperature, respectively. In the calculations, without special illustration, the parameters are set as follows:
According to the analysis in ref. [57] , a ¼ 10 and b ¼ 6 are set.
The case of fixed total pressure ratio
It can be seen from Figures 2 and 3 that P has an optimal value (P opt ) with respect to p 1 ; the intercooling pressure ratio corresponding to P opt is ðp 1 Þ P opt . With the increases of D 1 ð¼ D 2 Þ and h c ð¼ h t Þ, P increases equably.
It can be seen from Figure 4 that with an increase in E I1 , the slope of the curve decreases rapidly. The numerical calculation illustrates that P changes slowly with the change of E I1 , e K decreases progressively with an increase in E I1 , which leads that when p 1 varies in a certain bound, P increases with an increase in E I1 , and when p 1 is large, P decreases with an increase in E I1 . It can be seen from Figure 5 that when p 1 is small, E R affects P slightly, and when p 1 is large, P increases with an increase in E R .
The case of variable total pressure ratio
Figures 6-10 show the characteristics of P opt and ðp 1 Þ P opt versus p for different D 1 ð¼ D 2 Þ, h c ð¼ h t Þ, E I1 , E R and C wf , respectively. It can be seen from Figures 6 and 7 that with an increase in p, P opt rapidly increases to a maximum value (P max ) and then decreases slowly, and ðp 1 Þ P opt increases monotonously. The total pressure ratio and the intercooling pressure ratio corresponding to P max are p P max and ðp 1 Þ P max , respectively. With the increases in D 1 ð¼ D 2 Þ and h c ð¼ h t Þ, P opt increases equably and ðp 1 Þ P opt stays constant.
It can be seen from Figure 8 that with an increase in E I1 , P opt and ðp 1 Þ P opt increase, but the increment of ðp 1 Þ P opt decreases. It can be seen from Figure 9 that ðp 1 Þ P opt increases with the increase of E R . When p varies in a certain bound, P opt increases with an increase in E R ; when p is large, the numerical calculation illustrates that the outlet temperature of the turbine is lower than the outlet temperature of the highpressure compressor (i.e. T 6 , T 4 ), the regenerative process will lead to heat loss and P opt decreases with an increase in E R . It can be seen from Figure 10 that with an increase in C wf , P opt and ðp 1 Þ P opt increase appreciably first and then decrease, which indicates that there may exist a thermal capacity rate matching between the working fluid and the heat reservoir.
The calculation also illustrates that P opt increases with the increases in E H1 ð¼ E L1 Þ, E K and t 1 . ðp 1 Þ P opt increases with an increase in E H1 ð¼ E L1 Þ, remains constant with the change of t 1 and decreases appreciably with an increase in E K .
Dimensionless profit rate versus exergy efficiency characteristic
Figures 11 and 12 show the effects of h c ð¼ h t Þ and D 1 ð¼ D 2 Þ on the characteristic of P opt versus the corresponding exergy efficiency ðh ex Þ P opt , respectively. One can see that the relationship of P opt versus ðh ex Þ P opt is loop shaped, there exists a maximum dimensionless profit rate P max with the corresponding exergy efficiency ðh ex Þ P max and ðh ex Þ Pmax is termed as the finite-time exergoeconomic performance limit to distinguish it from the finite-time thermodynamic performance limit at the maximum thermodynamic output [10] . It also can be seen that ðh ex Þ Pmax increases with an increases in h c ð¼ h t Þ and 
Effect of consumer-side temperature
From Equations (17), (21) (25) and (26), it can be seen that the effects of consumer-side temperature (T K ) on the dimensionless profit rate and exergy efficiency of the cogeneration plant are complex. According to analyses in refs. [48 -56] , Figures 13 and  14 further show the characteristics of P max , ðh ex Þ P max , ðp 1 Þ P max and p P max versus t 4 , respectively. One can see that the characteristics of P max and ðh ex Þ P max versus t 4 are parabolic like, i.e. there exists an optimal consumer-side temperature that leads to a double-maximum dimensionless profit rate (P max; 2 ). With the increase of t 4 , ðp 1 Þ P max decreases monotonously, p P max increases first, and then decreases, but the value of p P max changes slightly.
CONCLUSION
A real gas-turbine cogeneration plant model is established using finite-time thermodynamics in this paper. The finite-time exergoeconomic performance of the plant is investigated by taking the dimensionless profit rate as the objective. The optimal intercooling pressure ratio and the optimal total pressure ratio are obtained by numerical examples. The results show that increasing the efficiencies of the compressors and the turbine and those of the pressure recovery coefficients can improve the finite-time exergoeconomic performance obviously. Regenerative and intercooling processes have different influences on the dimensionless profit rate with the changes of pressure ratio; also, the effect of the thermal capacity rate of the working fluid indicates that an optimal thermal capacity rate matching may exist. The relationship between the dimensionless profit rate and corresponding exergy efficiency is studied, and the characteristic curve is loop-shaped. When the analysis is performed further with respect to the consumer-side temperature, a double-maximum dimensionless profit rate is found. The results obtained herein may provide some theoretical guidelines for the optimal design and parameters selection of practical gas-turbine cogeneration plant. Furthermore, the dimensionless profit rate of the plant model will be optimized by searching for the optimal heat conductance distributions of 
